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Nowadays natural gas hydrates attract special attention as a possible source of fossil fuel. According to vari-
ous estimates, the reserves of hydrocarbons in hydrates exceed considerably explored reserves of natural gas. 
Due to the clathrate structure the unit volume of the gas hydrate can contain up to 160–180 volumes of pure gas. 
In recent years interest to a problem of gas hydrates has considerably increased. Such changes are connected 
with the progress in searches of the alternative sources of hydrocarbonic raw materials in countries that do not 
possess the resources of energy carriers. Thus gas hydrates are nonconventional sources of the hydrocarbonic 
raw materials which can be developed in the near future. At the same time, mechanisms of methane clathrate hy-
drates formations have not reached an advanced level, their thermophysical and mechanical properties have not 
been investigated profoundly. Thereby our experimental modeling of the processes of formation of methane 
clathrate hydrates in water cryomatrix prepared by co-condensation from the gas phase onto a cooled substrate 
was carried out over the range of condensation temperatures 12–60 K and pressures 10
–4
–10
–6
 Torr. In our ex-
periments the concentration of methane in water varied in the range of 5–90%. The thickness deposited films 
was 30–60 μm. The vibrational spectra of two-component thin films of CH4+H2O condensates were measured 
and analyzed. 
PACS: 61.50.–f Сrystal structure; 
78.30–j Infrared and Raman spectra; 
68.35.Rn Phase transitions and critical phenomena. 
Keywords: methane clathrate, cryocondensation, IR-spectroscopy, cryomatrix. 
 
 
1. Introduction 
Interest to study methane hydrates is caused by their 
application importance and intriguing basic properties. 
When we speak about practical application of the know-
ledge, which is connected with the formation processes and 
methane clathrates properties, first of all we must remem-
ber that the bulk of methane deposits are concentrated at 
substantial depths of the World Ocean and exist in the 
form of clathrates. Extraction of these minerals is an im-
portant scientific and applied task. 
Moreover, there are a plenty of questions, which are 
connected with the interaction of methane molecules with 
other substances [1]. In particular, it is the question how 
methane molecules interact with water molecules, when 
the quantum features of methane, such as the mixing of 
oscillatory and rotational modes, are of primary im-
portance. The second circumstance is connected with the 
ability of water molecules to form networks of hydrogen 
bonds. The combination of these properties results in the 
formation of methane clathrates, i.e., systems, which con-
sist of methane molecules, surrounded by water cages, 
which are linked by hydrogen bonds. 
This study of clathrate systems has the following peculi-
arities. We suppose that the behavior of methane in the wa-
ter environment at low pressures (as if carried out at a depth 
of 2–3 km) can be reasonably modeled by the method of 
cryomatrix isolation with high concentrations of methane. 
We suppose that the position of a methane molecule in the 
lattice of water ice resembles that in a clathrate. Ice can crea-
te the same static influence, as water at a significant depth. 
In this case we have the object we need to study and can 
carry out our research in vitro. 
Analysis of vibrational ranges of two-component mixes 
(water and methane), which were formed at various condi-
tions, serve as the basis of our research technique. The fea-
Physical modeling of the formation of clathrate hydrates of methane 
Low Temperature Physics/Fizika Nizkikh Temperatur, 2015, v. 41, No. 6 553 
tures to be found can be interpreted as manifestations of 
methane bounded states in solid solutions with water. Thus, 
the co-condensation method gives opportunities to vary ex-
perimental conditions over a wide range and also to study 
possible thermostimulated processes and effects. 
2. Experimental 
Analysis of the absorptive amplitude of the band, which 
corresponds to the vibrations of the methane molecule in 
the unbounded state, is at the core of the procedure for 
obtaining information about the state of methane molecules 
in the matrix of different gases. The measurements were 
carried using the setup, depicted in Fig. 1. The main unit of 
the system is a cylindrical vacuum chamber (1) with the 
diameter and height of 450 mm. Pumping out of the vacu-
um chamber was carried out by turbo-molecular pump 
Turbo-V-301 (2), which was connected to the chamber 
through a sliding vane gate valve CFF-100 (3). A dry spiral 
pump SH-110 (not shown) was used as a fore vacuum 
pump. The ultimate vacuum in the chamber reached the 
value of 10
–8
 Torr. Pressure measurements was carried out 
using a wide-range pressure transducer FRG-700 (4) with 
an AGC-100 controller. 
The Gifford–McMahon microcryogenic system (5) was 
located in the center of the chamber. A mirror substrate 
(6), which serves as the condensation surface for methane 
and water mixtures was mounted on the top flange of the 
microcryogenic system. The substrate was made of copper, 
the working surface of which was covered with silver. The 
diameter of the substrate is 60 mm. The minimum tem-
perature of condensation is 12 K. The temperature meas-
urements were carried out by silicon sensor TS 670-1.4 
using a temperature controller М335/20с. Measurements of 
thicknesses and rates of condensation were carried out us-
ing a double-beam laser interferometer which was based 
on a photo-electron-multiplier P25a-SS-0-100 (7). IR ab-
sorption spectrum was measured in the frequency range 
400 cm
–1
–4200 cm
–1
. 
A calibrated volume (not shown) was used to obtain a 
mixture of the test substance with a matrix gas. First the 
gas (methane) was let into the volume to a pressure below 
the equilibrium pressure at a given ambient temperature. 
Typically, the pressure was 1 to 1.5 Тоrr. Thereafter, the 
calibration volume was filled with water vapor until the 
required work pressure was reached. Pressure controller 
PR 4000 (MKS) was employed during the preparation of 
the mixtures with an accuracy of pressure measurements of 
0.01 Torr. 
The experimental procedure was as follows. The vacu-
um chamber was pumped down to a pressure of 10
–8
 Torr, 
then the substrate was protected by a plate to prevent con-
tamination and cooled up to 12 K. The operating pressure 
of the mixture in the chamber 10
–5
 Torr was set using the 
leakage system (10), the substrate was bared and the pro-
cess of film cryocondensation begun. The process was 
monitored using a double-beam laser interferometer. Once 
the sample thickness reached of about 2–3 μm the gas fill-
ing process was stopped, the pressure in the chamber being 
approximately 10
–8
 Torr. Next, the vibrational spectrum of 
the sample was measured, where upon the IR-spectrometer 
was set to the needed frequency and the interferometer 
signal was measured during 30–40 min at a constant tem-
perature, which was equal to the condensation temperature 
of 16 K. Thus, the state of the sample was analyzed over 
time at a constant temperature.  
Further measurements were carried out using two 
methods. In one case, the stepwise heating process of the 
sample was carried out 0.5–1 K, the reflectance spectra 
being measured a fixed temperature. In the second case, 
we applied a continuous heating of the sample, the rate of 
which was determined by the natural heat inflow to the 
substrate with the microcryogenic machine switched off. 
In this case, the IR-spectrometer signal was measured at a 
fixed frequency in the vicinity of the characteristic vibra-
tion frequencies of the water molecule. Changes in the 
signal are reflected transformations in the test sample. 
3. Results and discussion 
In the present study we used methane gas produced by 
company IHSAN TECHNOGAZ. The gas purity was 
99.99%. Figure 2 shows the vibrational absorption spec-
trum of methane in the gas (bottom spectrum) and solid 
(upper spectrum) states. The former spectrum was meas-
ured at 4 Torr and 300 K. The solid sample was obtained 
by condensation at 10
–5
 Torr and a substrate temperature 
of 16 K. The thickness of the sample was 5 μm. 
Fig. 1. Experimental installation: vacuum chamber (1); pump 
Turbo-V-301 (2), sliding vane gate valve CFF-100 (3); pressure 
transducer FRG-700 (4); microcryogenic system Gifford-
McMahon (5); substrate (6); photomultiplier (7); optical channel 
(8); IR-spectrometer (9); leakage system (10). 
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We will not go into much detail of those spectrums, 
bearing in mind that the character of these measurements is 
predominantly calibration. We only note that methane 
condensation entails freezing of the rotational subsystem 
and the spectrum consists of two fairly narrow absorption 
bands. The maximum of the band for C–H stretch vibration 
line is at 3016 cm
–1
. The minimum of the band that corre-
sponds to deformation vibrations is at 1306 cm
–1
. The in-
formation of these spectra is necessary for analyzing the 
state of methane molecules in the solid solution with water.  
Methane hydrates formation process implies presence 
of certain features of methane molecules and water ice 
lattice interactions. It is appropriate to investigate the effect 
of neutral cryomatrix on the methane vibration spectrum to 
correctly assess this effect. In addition, these measure-
ments are not the main purposes of our studies, and their 
character is calibrating. 
Figure 3 shows the results for a 5% methane solution 
with nitrogen and argon: the data for the range of C–H 
stretching vibrations (a); the data for deformation vibra-
tions (b). These data are compared with the corresponding 
absorption bands of pure methane cryocondensate. As seen 
in Fig. 3, the stretching and deformation bands of methane 
molecules in solution with argon and nitrogen are noticea-
bly shifted to higher frequencies compared to pure me-
thane, which reflects the effect of the matrix lattice. Inter-
estingly, the valence band shift of about 9 cm
–1
 is almost 
the same for both. At the same time, the deformation bands 
(cf. Fig. 3(b)) are shifted by 6 cm
–1
 and 9 cm
–1
 methane in 
the argon and methane matrices, respectively. 
In this article we also present results for methane-water 
cryocondenced films for methane concentrations from 5 to 
90%. The experiments included the following stages. Mix-
tures of methane gas and water vapor of a certain concen-
tration at a total pressure of 10
–5
 Torr was admitted into 
the camera (preliminarily evacuated to 10
–8
 Torr) to be 
condensed. The resulting sample thickness was 10–15 μm. 
It should be noted that changes in mixture composition 
entailed changes in film thickness provided that the me-
thane mass content remained approximately the same. Ab-
sorption spectra were measured after the necessary film 
parameters have been reached. The two measurement pro-
cedures were the same as employed previously [2,3]. In the 
first case, the spectra were recorded at a fixed substrate 
temperature as the film grew thicker. According to the se-
cond technique the frequency of our IR-spectrometer was 
set to its maximum value for the methane absorption band. 
As a rule, we set the frequency of deformation vibrations 
because, unlike the valence C–H vibrations, the absorption 
band at this frequency is separated from the absorption 
bands of water. Further we measured the absorption ampli-
tude at the chosen frequency in the course of a slow warm-
up until the sample evaporated. Such thermograms provide 
continuously information about the state of the samples. 
The pressure in the vacuum camera is another parame-
ter, which was measured in our experiments. To vary the 
pressure, the pumping valve of the camera was slightly 
opened to pump out the residual gases which are the con-
sequences of inleakage. Thus, a spontaneous increase in 
pressure in the camera may be connected with the 
thermodesorption processes occurring in the sample, which 
are reflected in the characters of the thermograms obtained. 
Fig. 2. (Color online) The rotational-vibrational spectrum of me-
thane in gas and solid states. 
Fig. 3. (Color online) IR spectra of pure methane and its 5% mix-
tures with nitrogen and argon in the ranges of C–H stretching (a) 
and deformation (b) vibrational frequencies. CH4, Tc = 16 K (1); 
5% CH4 + Ar, Tc = 16 K (2); 5% CH4 + N2, Tc = 16 K (3) 
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This method of thermal desorption was widely used earlier 
by us and some other authors [4–6]. Physical modeling of 
methane hydrate formation implies the measurement of 
oscillatory ranges of the condensed films and the subse-
quent analysis of their transformations under warm-up. 
The vibrational range of the sample, which consisted of 
25% of methane and 75% of water is presented in Fig. 4. 
The absorption band at 1320 cm
–1
 corresponds to the de-
formation (or rotational ) vibrations of C–H bonds of me-
thane. The wide peak at 1676 cm
–1
 is related with defor-
mation vibrations of the water molecule. The narrow peak 
at 3020 cm
–1
 corresponds to stretching vibrations of CH4, 
the next wide peak, centered at 3300 cm
–1
, corresponds to 
the OH bond of the water molecule. The nature of the peak 
at 3670 cm
–1
 is unusual. Traditionally, the vibrations in 
this frequency range are refered to as quasi-free vibrations 
of monomers or dimers of linear water molecules in 
cryomatrix [7–9]. In the cited works this peak was a nar-
row band with a pronounced minimum, whereas in the 
present studies the band at 3670 cm
–1
 and the deformation 
peak of water at 1676 cm
–1
 have a complex structure that 
may be due to the peculiarities of interactions between 
water and methane molecules. As seen in Fig. 4, the ab-
sorption bands of methane in the 25% mixture is slightly 
“blue” shifted relative to pure solid methane, the value for 
bending vibrations of about 14 cm
–1
 and for CH stretching 
vibrations of approximately 5 cm
–1
. It is virtually identical 
to the data for other matrices (Fig. 2). Thus, we can con-
clude that the state of methane molecules, its vibrational 
spectrum dependent weakly on the composition of the mix-
tures discussed in this article. 
Infrared spectra of the samples condensed at T = 16 K 
were measured; the samples were subsequently warmed 
with intervals of 2–5 K until complete evaporation of the 
sample at about 180 K. It was found that up to 160 K the 
methane vibration band persists. Here we note that the 
methane pressures within the range 10
–5
–10
–6
 Torr corre-
spond to the equilibrium temperatures 36 to 38 K. 
This means that pure solid methane must have com-
pletely evaporated above these temperatures. We can relia-
bly assume that in this case at least two bound states of 
methane in water exist; namely, the methane, adsorbed by 
cryocondensate layers of water, and the methane in hydrate 
cages. These two states of methane may reveal themselves 
at elevated temperatures in the form of characteristic ab-
sorption bands in the IR spectra. 
As understood from our previous studies [10], monitor-
ing at a fixed frequency can give more detailed information 
about thermally stimulated processes in cryocondensates. 
As noted above, because the methane deformation vibra-
tion band stands off other bands, it is more convenient to 
observe its behavior. The results of these measurements are 
presented in Fig. 5. These thermograms of methane and 
water at different compositions were obtained at the IR-
spectrometer frequency of 1320 cm
–1
. The thin lines are 
the absorption bands in question, which clearly demon-
strates the position of measured values on the thermograms 
relatively to absorption bands, i.e., the presence of methane 
in the sample. 
When analyzing the thermograms in Fig. 5, we should 
note the following basic facts. 
1. Methane in a solid solution with water is present in 
the sample up to water evaporation temperature, i.e., to 
160–170 K. 
2. The character of the thermograms significantly de-
pends on the methane concentration. The low methane 
concentrations in the gas phase lead to slower and less 
sharp changes in the amplitude of deformation bands. 
3. The characteristic temperatures of the region of the 
most radical changes of the thermograms are 40 K (the sub-
limation temperature of pure methane [11]) and 135–140 K 
(the temperature of the amorphous ice water transition to the 
state of supercooled liquid SCL [11,12]). 
Fig. 4. IR-spectrum of the film CH4 (25%) + H2O (75%) me-
thane and 75% water cryovacuum condensate. The temperature 
of condensation T = 16 K; the pressure P = 10
–5
 Torr, film 
thickness d = 10 μm. 
Fig. 5. (Color online) Thermally stimulated changes in the reflec-
tivity at  = 1320 cm
–1
. Thermograms are presented for different 
methane-water compositions. The thin lines are the absorption 
bands of the appropriate methane deformation. 
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Comparison of the thermograms with chamber pressure 
measurements at the same temperatures provides one more 
insight into the processes that take place in the samples 
with increasing temperature. 
As can be seen from Figs. 5 and 6, the character of 
changes the amplitude of methane molecule deformation 
vibrations depends on the sample composition. However, it 
should be noted that the characteristic features of the 
thermograms for all methane concentrations are closely 
associated with the desorption peaks. Thus, the interpreta-
tion of the desorption peaks in combination with IR 
thermograms may play a crucial role in understanding of 
the processes in the samples. In particular, peak 1 in 
Figs. 6 and 7 (in Fig. 8 it misses), most likely, is not asso-
ciated with changes in methane concentration in the sam-
ple, because its appearance at 20 K is not accompanied by 
changes in the amplitude of deformation vibrations. Ap-
parently, this peak corresponds to desorption of the gas 
(possibly, nitrogen desorption), which recondenses from 
the film onto inoperative surfaces of the substrate. This 
fact was also mentioned in [13]. 
In Fig. 6, desorption peaks 1 and 2, as well as peak 2 in 
Fig. 7 and peak 1 in Fig. 8 are in full correspondence with 
the changes in the absorption amplitude of methane defor-
mation vibrations at 1305 cm
–1
. 
The beginning of pressure increase in the vicinity of 
40 K coincides with the sharp reduction of absorption am-
plitude at the operating frequency. Further temperature 
increase in the interval from 40 K to approximately 58 K is 
accompanied by an increase of the desorbed gas pressure 
to a maximum value at 42–43 K with subsequent reduction 
to the original value (5·10
–7
 Torr). Maximum values of 
desorption pressure for different samples were 2·10
–5
 Torr 
in Fig. 6, 9·10
–6
 Torr in Fig. 7, and 4·10
–6
 Torr in Fig. 8. 
The higher was the methane concentration in the sample, 
the higher was the thermal desorption pressure step. 
The obvious fine structure presence of the desorption 
peaks in different samples suggests that the processes that 
occur in this temperature range, are more complex than 
simple desorption of cryocaptured methane molecules. 
However, in this article we do not discuss these issues, 
because special studies of this phenomenon are needed for 
clarification.  
Further warm-up to 60–130 K entails a flat spectrome-
ter signal (see Fig. 6) or a monotonic decrease of the me-
thane concentration, as shown in Fig. 7 and 8. Obviously, 
such a behavior is associated with changes in the composi-
tion of the samples. The appearance of a desorption peak 
and the respective sharp change in absorption amplitude in 
the temperature range 130–145 K were observed. The 
maximum desorption pressures for different samples were 
2·10
–6
 Torr in Fig. 6, 7·10
–6
 Torr in Fig. 7, and 8·10
–6
 Torr 
in Fig. 8. Thus, the desorption pressures are almost the 
Fig. 6. (Color online) Changes in the reflectance of the (50% CH4 + 
+ 50% H2O) sample at the frequency of observation 1305 cm
–1
 
(upper curve) and in the pressure in the chamber (bottom curve) 
during the heating process. Condensation temperature is 16 K, the 
sample thickness is 10 μm. 
Fig. 7. (Color online) Changes in the reflectance of the (25% 
CH4 + 75% H2O) sample at 1305 cm
–1
 (upper curve) and in the 
pressure in the chamber (bottom curve) during the heating process. 
Condensation temperature 16 K, the sample thickness 10 μm. 
Fig. 8. (Color online) Changes in the reflectance of the (10% CH4 + 
+ 90% H2O) sample at 1305 cm
–1
 (upper curve) and in the pressure 
in the chamber (bottom curve) during the heating process. Conden-
sation temperature 16 K, the sample thickness 10 μm. 
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same independent of methane concentrations from 25% to 
10%, while for the sample with a methane concentration of 
50% this pressure is almost smaller by a factor of 3. 
The temperature range 145–160 K is characterized by 
stabilization processes occurring in all the three samples. 
The pressure in the chamber and the amplitude of methane 
deformation vibrations remain almost unchanged. Starting 
from 160 K, a sharp increase in the chamber pressure and a 
simultaneous decrease in the absorption band amplitude 
were documented. This process proceeds until complete 
evaporation of the samples at 180 K. It should be noted 
that methane remains present in the samples within the 
entire temperature range from 160 K to 180 K. 
4. Conclusions 
Our studies have shown that a two-component solid film 
was formed in the process of methane and water co-
condensation on the substrate at the temperature of T = 
= 16 K. It is practically identical to the data for nitrogen and 
argon matrices, from which we can conclude that the state of 
methane molecule and its vibrational spectrum are weakly 
dependent on the composition in the discussed mixtures. 
At this stage of research we can make some assump-
tions relatively the status of methane molecules in the 
“matrix” of water which are based on the comparison of 
the thermal desorption curves and thermograms of the 
absorption amplitudes changes of methane characteristic 
vibration frequencies. In our view, it is natural to assume 
that under these conditions cryoprecipitated methane in 
solid solution with water can exist in three states. Firstly, 
it is a condensed state, i.e. solid phase of methane. Sec-
ondly, the methane can be in an adsorbed state. The role 
of absorbent is played by the amorphous solid water 
(ASW). This state is typical for water cryovacuum con-
densates formed at T = 16 K [14]. Thirdly, methane may 
be in a bound state with water molecules, which form 
clathrates. This, indeed, is the subject of our study. In this 
paper we attempt to determine the temperature ranges of 
these states, based on the properties of amorphous solid 
water ASW and comparing obtained thermograms of de-
sorption and absorption amplitudes of methane defor-
mation vibrations. As it can be seen in Figs. 6–8 the data 
for more detailed analysis can be divided into four main 
temperature ranges. 
Temperature range 30–58 K. In our opinion, the cause of 
desorption peak and a sharp change of the absorption ampli-
tude at observation frequency of ν = 1305 cm
–1
 is the evapo-
ration of solid methane, which was condensed at T = 16 K. 
This assumption is consistent with the values of methane 
equilibrium parameters (pressure, temperature) on the phase 
diagram. 
Temperature range 60–130 K. There is a monotonic de-
crease in the concentration of adsorbed methane in the 
sample, which is associated with a decrease in the adsorp-
tion capacity of the amorphous film of water at higher 
temperatures. The process is extended in time, so that the 
desorbed methane pumped from the chamber without de-
sorption peak formation. 
Temperature range 130–145 K. Observed sharp changes 
of the measured parameters are related, in our opinion, to the 
restructuring of the solid phase from the water in ASW 
through the intermediate state SCL to cubic ice [4,14]. Due 
to the presence of an intermediate state SCL adsorbed me-
thane receives necessary diffusion mobility to move to the 
phase boundary and subsequent desorption. 
Temperatures from 145 K to sample evaporation point. 
In the range 145–160 K the methane concentration in the 
sample stays almost unchanged. Thus, the quantity of me-
thane in the samples is sufficiently large. In particular, if we 
judge by the value of the absorption amplitude, there is at 
least 60% of original methane concentration in 10% sample 
at 160 K (see Fig. 5). At these high temperatures, methane 
can exist in the film only in the bound state with water, 
namely in the form of clathrates. Increase of the temperature 
above 160 K leads to a decrease of methane concentration, 
which is most likely connected with the transition of cubic 
ice Ic to the regular hexagonal state Ih, which is apparently 
accompanied by a partial destruction of the clathrates. Nar-
row temperature range 172–176 K (Fig. 8) with constant 
values of the methane concentration corresponds to the ex-
istence of hexagonal ice containing methane clathrates. Fur-
ther increase of the temperature leads to an evaporation of 
water film with simultaneous change of methane concentra-
tion, i.e., its evaporation. The fact that methane leaves the 
sample together with the evaporating water confirms me-
thane clathrates hydrates presence in the samples. 
Thus, based on experimental studies, we made the fol-
lowing conclusions. 
1. A two-component film, containing methane clathrates, 
forms in the process of cryovacuum co-condensation of wa-
ter vapor and methane on the substrate at T = 16 K. 
2. The behavior of the samples during the temperature 
increase depends on water and methane concentration ratios. 
However, at the characteristic temperature ranges, which are 
associated with the equilibrium properties of methane and 
phase structural transformations of amorphous solid water, 
main features of the character of measured parameters 
change for all samples are the same. 
3. The samples contain methane until ice evaporation at 
the temperature of about T = 180 K. This may serve as 
confirmation of the assumption of methane clathrates pres-
ence in the studied samples. 
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